INTRODUCTION
Capnography is a non-invasive method for the numerical and graphical analysis of the exhaled CO 2 concentration [1] [2] [3] [4] [5] , and a valuable tool for the improvement of patient safety 6 .
While assessment of capnogram shape factors is not standard part of the patient monitoring yet, they have the promise to possess routine information concerning pathophysiological processes of lung ventilation, such as airway patency [7] [8] [9] [10] and lung recoil tendency 8 9 .
Furthermore, combining capnography with expired gas volume monitoring allows the assessment of ventilation-perfusion matching and the metabolic status of the body 3 5 10 11 .
In clinical practice, two techniques are available based on the measurement site of CO 2 .
Mainstream capnography applies an infrared sensor located proximally to the patient between the tracheal tube and the Y-piece and thus, allows a rapid and accurate analysis of the CO 2 concentration of the exhaled gas [12] [13] [14] . However, this method is used mainly in intensive care units, because of the disadvantages posed by the local heating of the head, and the weight of the sample cell increasing the risk of tracheal tube dislocation.
As an alternative, sidestream capnography is often used in the operating theatre because it is easily manageable and allows the monitoring of other gases 7-9 15 . These devices analyse the gas sample distally from the patient, and therefore have the drawbacks of a prolonged total response time [16] [17] [18] , the occurrence of axial mixing 2 10 11 19 and a variable suction flow rate 20 .
All these processes result in a dynamic distortion of the CO 2 concentration curve and thus, have a potential to bias the derived capnographic parameters.
There have been a few previous attempts to compare capnographic parameters obtained by sidestream and mainstream techniques, but they were either manufacturer's educational material 21 , focused only on the end-tidal CO 2 value in experimental 22 and clinical studies [23] [24] [25] , or were limited to a small cohort of infants 26 . . For the assessment of P aCO 2 , arterial blood gas samples were taken under each measurement condition, and the resistance (R) and compliance (C) values displayed by the ventilator were also registered.
Supplemental measurements
To assess whether sidestream capnography affects the mainstream results via gas suctioning, an additional protocol was performed with a setup identical to that used in the main study group in a smaller cohort of patients (n=8). A total number of 87 mainstream measurements, each lasting 60-s, were performed with the sidestream sampling flow switched on randomly during either the first or second half of the recordings. Separate analyses of first and second halves allowed pairwise comparisons of mainstream capnogram parameters obtained with and without gas suctioning by the sidestream device.
Statistical analyses
Sample size estimation was based on the aim to determine the 95% limits of agreement with great reliability according to the corresponding recommendation (phase III slopes) and intrapulmonary shunt.
The differences between the sidestream and mainstream techniques can be explained by physical principles. The transport delay of the gas in the sampling tube is a well described characteristic of the sidestream measurement system 17 . This phenomenon introduces a predictable time lag in the detection of the CO 2 concentration, and gives rise to axial mixing of the gas residing in the sampling tube 2 10 11 19 . Axial in-line diffusion in both space and time occurs during the transport, depending on the CO 2 gradient 32 . This blurring process equilibrates the concentration differences between the gas compartments A further factor contributing to the distortion of the sidestream capnogram is the variable sampling flow rate resulting from the alternating positive airway pressure during mechanical ventilation 19 20 . Since this phenomenon acts during inspiratory/expiratory phase transitions, it ultimately modifies the ascending and descending limbs of the capnograms 19 20 .
The physical principles described above are of less importance in the assessment of the capnogram phase III slope. The reason for the good correlation and agreement (Fig. 3A, B) is the relatively steady-state CO 2 concentration (Fig. 1 ) and constant gas sampling flow during this period (Fig. 2) . In the only previous study, where the sidestream and mainstream phase III 13 slopes were compared, substantially greater differences were observed in infants, which can be attributed to the higher ventilation rate (~32 min -1 ) 26 .
The initial part of the capnogram comprising the phase II slopes, angle α and V DF , coincides with a high rate of change in the CO 2 concentration and with sudden pressure alterations in the breathing circuit causing variable sampling flow rate 20 in the tube of the sidestream capnograph. Consequently, in agreement with previous results on ventilated infants 26 , the phase II slope of the sidestream capnogram is lower than that obtained by the mainstream technique (Fig. 1, bottom, Fig. 4B ). This drop in S II,T,SS of necessity infers weak relationships between the anatomic dead spaces V DF,MS and V DF,SS (Fig. 4D) , and the sidestream-derived α SS (Fig. 4C) .
The ventilation-perfusion mismatch can be divided into alveolar dead space ventilation and shunt perfusion 3 14 . We obtained fairly weak correlations and agreements of both the normalized Bohr and Enghoff dead space fractions. The correlation analyses revealed that these dissociations can be ascribed to the discrepancies in the P ĒCO 2 , resulting from the dynamic distortion of the sidestream capnogram (e.g. Fig. 1 ). Taking the difference between the Enghoff and Bohr dead spaces eliminates these discrepancies, which explains the excellent correlations and good agreement between V s,MS and V s,SS (Fig. 5C, D) . The differences between the two estimates in the dead space and shunt parameters depend on the level of C, with greatest deviations in patients with low compliance (Fig. 6 ). Around the ventilation frequency, the respiratory system impedance is dominated by the elastic forces.
Since low compliance involves higher airway pressures, variations in sampling flow rate are expected to be augmented within the respiratory cycle in the presence of increased stiffness.
This implies that the use of dead space parameters determined by sidestream technique may result in false interpretations. Conversely, the assessment of the shunt fraction is feasible by 14 using sidestream capnography, though a slight underestimation is expected in patients with a less compliant respiratory system.
Our measurements demonstrate that the most frequently utilized capnogram parameter, the P ETCO 2 , is underestimated by a value with clinically minimal relevance (0.025 kPa). This concordance between the two techniques supports the conclusions of previous studies 23 25 .
As a methodological aspect, we assessed whether gas sampling to the sidestream capnograph affects the shape of the mainstream capnogram resulting from the juxtaposed position of the mainstream sensor. However, the lack of differences in any of the mainstream parameters revealed that this effect has negligible impact on the mainstream parameters. This lack of sensitivity can also be anticipated from the amount of aspirated volume being about two orders of magnitude smaller than the V T .
In conclusion, we evidenced that the sidestream capnography allows reliable measurement of 
